Abstract The Erlangmiao granite intrusion is located in the eastern part of the East Qinling Orogen. The granite contains almost 99 vol.% felsic minerals with accessory garnet, muscovite, biotite, zircon, and Fe-Ti oxide. Garnet is the dominant accessory mineral, shows zoned texture, and is rich in w(FeO) (14.13%e16.09%) and w(MnO) (24.21%e27.44%). The rocks have high SiO 2 , alkalis, FeO t / MgO, TiO 2 /MgO and low Al 2 O 3 , CaO with w(Na 2 O)/w(K 2 O)> 1. Their Rb, Ga, Ta, Nb, Y, and Yb contents are high and Sr, Ba, Eu, Zr, P, and Ti contents are low. These features indicate that the Erlangmiao granite is a highly evolved metaluminous A-type. Garnet crystallized at the expense of biotite from the MnO-rich evolved melt after fractionation of biotite, plagioclase, K-feldspar, zircon, apatite, and ilmenite. (2012) 635e646 (À6.6 to À9.0), and old Nd model ages (1.5e1.7 Ga) suggest that the rocks were probably formed by partial melting of the Paleoproterozoic granitic gneisses from the basement, with participation of depleted mantle in an extensional setting. ª 2011, China University of Geosciences (Beijing) and Peking University. Production and hosting by Elsevier B.V. All rights reserved.
Introduction
Garnet-bearing granites are widely distributed in orogenic belts (Barbarin, 1996 (Barbarin, , 1999 Sylvester, 1998) and their genesis is still controversial. The vast majority of garnet-bearing granites are S-type and were probably derived from partial melting of predominantly metasedimentary crustal rocks (Chappell and White, 1974; Clemens, 2003) although a few authors have questioned the whole concept of S-type granites (e.g. Kemp et al., 2007) . A minority of garnet-bearing granites have more complicated origins than ordinary S-type granites. Some are I-type granites that have undergone unusual fractionation or contamination in volcanic arcs du Bray, 1988; Zhou and Yu, 2001; Wu et al., 2004; Yu et al., 2004) , whereas others are A-type granites formed in anorogenic or extensional environments (du Bray, 1988) .
Garnet is an uncommon constituent within granite and has variable compositions. It has been shown that spessartine-rich garnet generally crystallized in equilibrium with S-type, aluminum-and manganese-rich granitic magma at relative low pressures (Green, 1977; Abbott, 1981; Allan and Clarke, 1981; Stone, 1988; Dahlquist et al., 2007) . However, du Bray (1988) argued that a manganese-rich condition is probably not required for crystallization of spessartine-rich garnet. It is undetermined whether there is a relationship between garnet composition and granite genesis and what controls garnet crystallization from granite (Miller and Stoddard, 1981; Stevens et al., 2007; Villaros et al., 2009) .
The eastern part of the East Qinling Orogen, central China, contains large volumes of Early Cretaceous granites (Li et al., 1993) , and the majority of them are I-types. However, a garnet-bearing A-type granite intrusion occurs at the Erlangmiao and thus provides an opportunity to discuss garnet genesis and petrogenesis.
Geological setting
The Qinling Orogen extends for over 2000 km across central China, separating the North China Craton to the north from the Yangtze Craton to the south (Fig. 1a) . It has a prolonged Precambrian history (Zhang et al., 1996; Zhu et al., 2011) and was mainly built by two collisional events during EarlyeMiddle Paleozoic and Early Mesozoic and the Shangdan and Mianlue suture zones formed during these collisions (Ratschbacher et al., 2003 ; S.Z. Li et al., 2007; Tseng et al., 2009; Xiang et al., 2011) . Geographically, it is commonly separated into a western and an eastern orogen. Our study area is located in the eastern part of the East Qinling Orogen and consists mainly of Paleoproterozoic metamorphic rocks, Mesoproterozoic metamorphosed volcano-sedimentary rocks, Neoproterozoic sedimentary rocks and Early Cretaceous granites (BGMRHP, 1989) (Fig. 1b) . The Paleoproterozoic metamorphic rocks are strongly migmatitic and their protoliths are difficult to be distinguished. Detailed field surveys and petrographical studies indicate that they are mainly composed of banded, augen migmatites and migmatitic gneisses and were mainly undergone Neoproterozoic and Early Cretaceous migmatization (BGMRHP, 1989) . The Mesoproterozoic metamorphosed volcano-sedimentary rocks are composed chiefly of amphibolite-to greenschist-facies two-mica quartz schists and marbles. Zircon U-Pb geochronological studies from the Shangzhou in Shanxi Province indicate that their protoliths were formed during 1150e1200 Ma and then metamorphosed at 1100 Ma (Zhang et al., 2004a) . The Neoproterozoic sedimentary rocks are sandstones and pelites and were deposited as coastal and neritic facies (BGMRHP, 1989) .
The Early Cretaceous granites are mainly biotite monzogranite and were emplaced at 120e130 Ma based on dating by the LA-ICP-MS zircon U-Pb method (Zhou et al., 2008) . The Erlangmiao intrusion was emplaced later than the other widespread Early Cretaceous granites in the region and contains garnet that is visible in the field, which is the only garnet-bearing intrusive body in the region.
Field occurrence of the Erlangmiao granite
The Erlangmiao intrusion is located in the eastern part of Fangcheng County, Henan Province and has an elliptical shape and an exposure of ca. 1.5 km 2 (Fig. 1c) . It intruded migmatitic gneisses with sharp contacts, and was itself intruded by fine-grained aplites and coarse-grained pegmatites. The intrusion includes mediumand fine-grained granite. The medium-grained granite constitutes the main body of the intrusion and the fine-grained granite only occurs in the southeast margin of the intrusion, where it is several tens of meters wide and has a transitional relationship with medium-grained granite and sharp contacts with the migmatitic gneiss. Large roof pendants of migmatitic gneiss are found within the intrusion. Garnet can be observed randomly throughout the intrusion and forms aggregates (Fig. 2a) in the northwest of the intrusion. Migmatitic gneiss xenoliths, chilled margins of 10 cm wide, and biotite schist xenoliths occur at the southeast margin of the intrusion (Fig. 2b) . The angular xenoliths and chilled margins within the Erlangmiao intrusion suggest that the granite was emplaced at a shallow crustal level. 
Petrographic description of the Erlangmiao granite
The Erlangmiao granite contains quartz (w34 Vol.%), K-feldspar (w40 Vol.%), plagioclase (w25 Vol.%), and accessory minerals (1 Vol.%e2 Vol.%). Accessory minerals include garnet, muscovite, biotite, zircon, and Fe-Ti oxide. Plagioclase is usually euhedral and few sericite aggregates occur along cleavages and at the edges of grains. K-feldspar includes microcline and mesoperthite. Quartz forms typically interstitial anhedral grains with undulose extinction. Brownish yellow, subhedral to euhedral garnet crystals, with diameters of about 1e1.5 mm and containing irregular cracks, form a dominant proportion of the accessory minerals and are ubiquitous within the intrusion. They are locally zoned, with large, brownish yellow cores and thin, colorless rims. The resorbed (as showed in Fig. 3 ) rims of garnet were observed. The contents of biotite and muscovite are low. They are commonly altered and occasionally form aggregates (Fig. 2c) . Some acicular biotite grains are distributed among K-feldspar (Fig. 2d) . Euhedral zircon crystals within plagioclase were observed. Undulose extinction, subgrain and polygonal grain of quartz, curving micas, porphyroclastic feldspar, and sericite appear and occur more frequently near the southwest of the Erlangmiao intrusion, which confirms that deformation overprinting granitic rocks is stronger near the southwest contact zone.
Analytic methods
Major elements in garnet were analyzed at the State Key Laboratory of Geological Processes and Mineral Resources at China University of Geosciences (Wuhan) using a JEOL JXA-8100 electron microprobe, with an accelerating voltage of 15 kV and a sample current of 15 nA. The beam diameter was 2 mm. Errors in the major oxides are estimated to be less than 3%. Garnet compositions were recast to end-members using the Minpet software of Linda R. Richard. End-members were calculated following Deer et al. (1992) , while Fe 3þ determined and followed Droop (1987) . Crystal chemical formulas were based on 12 oxygens and 8 cations.
Whole-rock samples were crushed in a steel crusher and powdered to 200-mesh size using an agate mill. international standard reference samples and details of apparatus were reported in Gao et al. (1991) . Sr-Nd isotopic analyses were determined using a MAT-262 at the Institute of Geology and Geophysics, Chinese Academy of Sciences (CAS), Beijing, following procedures described by Chen et al. (2000) .
Garnet chemistry
The results of major element analysis of two zoned garnet grains from the Erlangmiao granite (05HL04-3) are listed in Table 1 . The garnet is MnO-rich and MgO-poor. The rims of both grains contain lower CaO and TiO 2 contents but higher MnO and Al 2 O 3 contents than the cores. Distribution of MgO, FeO, and Na 2 O contents is relatively complex between the rims and the cores (Fig. 3) . The cores of garnet are mainly composed of spessartine (w 54 mol.%), almandine (w 30 mol.%), and grossular (w 12 mol.%) with small amounts of andradite (w 3 mol.%) and pyrope (w 1 mol.%), while the rims are dominated by spessartine (w 62 mol.%) and almandine (w 34 mol.%) with few andradite (w 3 mol.%), pyrope (w 1 mol.%), and grossular (w 1 mol.%).
Whole rock geochemistry
The results of major oxides, trace elements, and Sr-Nd isotope analyses of the Erlangmiao granite are given in Tables 2 and 3 (Li, 1996) because the 147 Sm/ 144 Nd ratios are larger than that of average crust (0.12). Neodymium model ages are 1.5e1.7 Ga.
Discussion
Chemical changes influenced by deformation should be identified and excluded. Mylonite deformation has little influence on Nd isotopic compositions but strongly affects Sr isotopic systematics (Barovich and Patchett, 1992) . The effect of mylonite deformation on major and trace elements is rather complex and different results have been attained (Kerrich et al., 1980; Bialek, 1999) . Appearance of sericite, undulose extinction of quartz, and porphyroclastic feldspar in thin sections are more readily present within samples 05HL04-2 and 05HL04-3, together with their abnormal 87 Rb/ 86 Sr and I Sr ratios, evidencing the effect of deformation. Therefore, I Sr values were obviously influenced by deformation, while most elements and Nd isotopes changed little and it is feasible to use data of most elements and Nd isotopes to discuss petrogenesis of the Erlangmiao granite.
Garnet genesis
Garnet could occur: (1) as a refractory restite phase (Ren e and Stelling, 2007) or peritectic entrainment from the zone of partial melting (Stevens et al., 2007) ; (2) as a xenocryst from upper mantle rocks and/or crustal metamorphic rocks (Embey-Isztin et al., 1985) ; (3) as a low-pressure precipitate or high-pressure phenocryst from melt (Ren e and Stelling, 2007) . Magmatic garnet in igneous rocks can be classified into three groups: (1) it occurs in strongly Table 1 Compositions of representative zoned garnet from sample 05HL04-3 of the Erlangmiao granite.
Grain 1
Grain 2
Gt1-1 Gt1-2 Gt1-3 Gt1-4 Gt1-5 Gt1-6 Gt1-7 Gt1-8 Gt1-9 Gt2-1 Gt2-2 Gt2-3 Gt2-4 Gt2-5 Gt2-6 Gt2-7 Gt2-8 Gt2-9 peraluminous S-type dacites-rhyolites or granites and crystallized under low pressure in the upper crust with high FeO contents (w(FeO) > 30%) (Clemens and Wall, 1981, 1984; Gilbert and Rogers, 1989; Lackey et al., 2006; Ren e and Stelling, 2007; Mirnejad et al., 2008) ; (2) occurs in basalts, andesites, dacites, rhyolites or tonalitic and granodioritic porphyries and crystallized under high pressure in the lower crust or mantle with w(FeO) 20%e30%, w(MgO) 5%e10%, and w(CaO) w5% (Green and Ringwood, 1968; Hamer and Moyes, 1982; Day et al., 1992; Harangi et al., 2001; Aydar and Gourgaud, 2002; Patranabis-Deb et al., 2009; Yuan et al., 2009) ; and (3) occurs in pegmatites, aplites, and granites and crystallized from post-magmatic fluids or highly fractionated magma with w(MnO) w30% and w(FeO) 10%e15% (Speer and Becker, 1992; Whitworth, 1992) . The Erlangmiao garnet is euhedral to subhedral, strongly zoned, and has high FeO and MnO contents. It is magmatic origin and crystallized from highly fractionated granite. Miller and Stoddard (1981) and Abbott (1981) discussed and reviewed how garnet could crystallize at the expense of biotite in MnO-and Al 2 O 3 -rich evolved magma. However, Hogan (1996) argued that late crystallization of garnet reflects increasing Al in the melt but does not necessarily require high Mn activities for the melt. Positive relationship of SiO 2 and MnO, rather higher w(MnO)/ w(FeO t þ MgO) ratios (0.1e0.5) of the Erlangmiao granite, and MnO-rich garnet support that the Erlangmiao granite crystallized from a highly evolved MnO-rich magma. The Erlangmiao granite , perhaps resulted from disappearance of biotite. This is in accord with petrography that the proportion of biotite is low but garnet occupies a large proportion of the accessory minerals. Therefore, MnO-rich garnet could crystallize at the expense of biotite in a highly evolved MnO-rich magma. However, increasing Al in the melt is not necessary due to the metaluminous character of the Erlangmiao granite. Zircon saturation temperature (690e760 C) of the Erlangmiao granite, calculated by the geothermometer of initially presented by Watson and Harrison (1983) and revised by Miller et al. (2003) , provides a minimum crystallization temperature of the granite because the evolved granitic melt was invariably saturated in zircon (Miller et al., 2003) . The 'spessartine inverse bell-shaped profile' of garnet from granite was caused by diffusion above 700 C (Dahlquist et al., 2007) and is evidence of crystal growth under conditions of falling temperature (Allan and Clarke, 1981) . This is the case for the Erlangmiao zoned garnet, which supports the crystallization temperature from zircon saturation geothermometer. Garnet generally crystallizes from high-silica granite under very low-pressure conditions, estimated as low as 2e3 kbar by Speer and Becker (1992) and even as low as 1 kbar by Clemens and Wall (1981) . As for the Erlangmiao granite, although no precise geobarometry can be used, field features indicate that it was emplaced at a shallow crustal level and thus formed under low-p conditions.
Petrogenesis 8.2.1. Classification of the Erlangmiao granite
Granitoids are genetically divided into I-, S-, M-, and A-types. A-type granites, firstly defined by Loiselle and Wones (1979) , were generally emplaced at a shallow crustal level and may vary in lithology from syenite to metaluminous and peralkaline granite. These rocks are commonly low in Al 2 O 3 , CaO, H 2 O and high in alkalis, and FeO t /MgO and TiO 2 /MgO ratios. Their REE contents (except Eu), Ga, Zr, Nb, and Ta are usually high, while their Ba, Sr, and Eu contents are low, with high zircon saturation temperature (Collins et al., 1982; Clemens et al., 1986; Whalen et al., 1987; Eby, 1990 Eby, , 1992 Creaser et al., 1991) . They were mostly formed under H 2 O undersaturated Dall'Agnol et al., 1999; Klimm et al., 2003) and oxidized (Dall'Agnol and de Oliveira, 2007) conditions in extensional environments. Classification of highly evolved granite may not be confidently done by the above diagnostic elements, such as distinguishing metaluminous A-type granites from highly fractionated I-type granites, especially while lack of a less evolved association within pluton (King et al., 1997) . Figure 4 a: Primitive mantle-normalized REE patterns, and b: spider diagrams of the Erlangmiao granite. Normalized data from Wood et al. (1979 Wood et al. ( , 1980 . Though containing accessory garnet, the Erlangmiao granite is obviously distinct with typical garnet-bearing S-type because of its relative low ACNK ratios and P 2 O 5 contents (King et al., 1997 (King et al., , 2001 Zhang et al., 2004b) , but is best classified as metaluminous A-type (X.H. Li et al., 2007) . The rocks have high alkalis contents and low Al 2 O 3 and CaO contents. Their FeO t /MgO and TiO 2 /MgO ratios and Ga, Ta, Nb, Y, and Yb contents are relative high, with Y/Nb < 1.2 (except sample 05DB21-1). This is also evident in discrimination diagrams (Fig. 6 ) in which all samples plot in the field of A-type granites.
Compositions of magmatic garnet from granites might provide information about the classification of their host. We demonstrate this by examining reported major elements of magmatic garnet from various granites in the literature and the results are Figure 5 Harker diagrams for the Erlangmiao granite. Figure 6 A-type granites discrimiation diagrams for the Erlangmiao granite after Whalen et al. (1987) . A, I, and S refer to A-type, I-type, and S-type granite. summarized in Fig. 7 . It is evident that garnet from A-type granites tends to have higher MnO, and lower FeO and MgO contents, whereas garnet from S-type granites has a variable and wide range of MnO, FeO, and MgO contents, although there is a partial overlap. The Erlangmiao garnet is distributed within the area of A-type granites (Fig. 7) , confirming the metaluminous Atype attribute of its host.
Magmatic sources
Several hypotheses have been proposed to interpret the genesis of A-type granites (see reviews in Martin, 2006 and Bonin, 2007) : (1) fractional crystallization of a mantle-derived mafic magma with or without crustal contamination, (2) crustal rocks fenitized by mantle-derived fluids, (3) remelting of precursor granites or high-grade metasedimentary rocks that underwent an earlier melting event, and (4) melting of calc-alkaline I-type tonalites and granodiorites or hornblende-and biotite-bearing granites in the crust. Though model (4) is still debated, we think that the Erlangmiao metaluminous A-type granite might have originated from partial melting of granitic rocks in the crust based on the following two reasons.
Firstly, Model (4) can illuminate the characteristics of metaluminous A-type granite (Patiño Douce, 1997) while the other three models have their limitations. Model (1) can interpret the origin of peralkaline granites (Peccerillo et al., 2003) . Model (2) could explain well the anorogenic igneous suites including carbonatite, nephelinite, phonolite, syenite, and granite (Woolley, 1987; Martin, 2006 (Zhang et al., 1994) as the Early Cretaceous granites in the region (Fig. 8) (Zhou et al., 2008) and Nd model ages (w2.0 Ga) of the Early Cretaceous granites and the formation age of the Paleoproterozoic granitic gneisses are also similar, whereas the 3 Nd (120 Ma) values of the Erlangmiao granite (À6.6 to À9.0) are less negative and its Nd model ages (1.5e1.7 Ga) are younger. Considering the gradually increased role of the asthenosphere during the Early Cretaceous in the QinlingeDabie region (Chen et al., 2010) , we infer that partial melting of the Paleoproterozoic granitic gneisses formed Early Cretaceous granites, subsequently, with participation of depleted mantle, continuous partial melting possibly produced the Erlangmiao granite.
Fractional crystallization
The Erlangmiao granite contains almost 99% felsic minerals, together with high SiO 2 , low FeO, Fe 2 O 3 , MgO, Eu, Sr, Ba, P, and Ti contents, demonstrating that it is highly evolved. Petrographical evidence and the very low MgO content indicate separation of biotite. Strong Eu depletion requires extensive fractionation of plagioclase and/or K-feldspar. It could also be caused by fluidmelt interaction process in highly evolved magmas. The REE tetrad effect will arise if fluids interact with the fractionated granitic melt (Wu et al., 2004) . The tetrad REE patterns are not observed in the Erlangmiao granite and their TE1, 3 are mostly lesser than 1.0, which indicates that fluid-melt interaction is insignificant. Fractionation of plagioclase would result in unity of ACNK, increasing NK/A molar ((Na 2 O þ K 2 O)/Al 2 O 3 ) ratios and negative Sr-Eu anomalies, while separation of K-feldspar would lead to increasing Na 2 O/K 2 O ratios and negative Eu-Ba anomalies . Fractionation of K-feldspar usually follows that of plagioclase (Couch, 2003) . Europium, Sr, and Ba of the Erlangmiao granite are negative anomaly, ACNK ratios tend to unity and Na 2 O/K 2 O ratios increase while K 2 O, Na 2 O decrease with increasing SiO 2 (Fig. 5) , which favors fractional crystallization of plagioclase and K-feldspar. Low SREE contents of the Erlangmiao granite suggest separation of REE-rich minerals and low Zr, P, and Ti contents further indicate fractional crystallization Figure 7 FeO-10Â MgO-MnO triangular diagram of garnet from various genetic granites. I-type, S-type, A-type, and Mantle represent garnet from I-type granites, S-type granites, A-type granites, and igneous rocks originating from mantle. Major elements of garnet are from: I-type granites, Wu et al. (2004) and Yu et al. (2004) ; S-type granites, Plank (1987) , Kebede et al. (2001) , Jung et al. (2001) , Jung and Hellebrand (2006) , and Dahlquist et al. (2007) ; A-type granites, du Bray (1988), Wu et al. (2004) , Wang et al. (2003) , and Yu et al. (2005) ; igneous rocks originating from mantle, Kawabata and Takafuji (2005) , Harangi et al. (2001) , and Chen and Zhao (1991) . (Zhang et al., 1994 and our two unpublished data), the Early Cretaceous granites (Zhou et al., 2008) , and the mafic dikes (Chen et al., 2010) . of zircon, apatite, and ilmenite. Fractionation makes the characteristics of the Erlangmiao granite depart from typical metaluminous A-type granites to some extent (King et al., 2001; Xie et al., 2006) , such as low FeO, Fe 2 O 3 , MgO, Zr, and Nb contents.
Conclusions
(1) The Erlangmiao garnet-bearing syenogranite in the East Qinling Orogen contains almost 99% felsic minerals and was emplaced at a shallow crustal level. The garnet, as the dominant accessory mineral, is rich in FeO and MnO and crystallized at the expense of biotite from MnO-rich granitic magma. (2) Petrography, garnet chemistry and whole rock geochemistry suggest that the Erlangmiao granite is a highly evolved metaluminous A-type that underwent extensive fractionation of biotite, plagioclase, K-feldspar, zircon, apatite, and ilmenite. The initial magma originated from partial melting of the Paleoprotozoic granitic gneissic basement, with participation of depleted mantle in an extensional environment.
